Inactivating mutations of Arid1a, a subunit of the Switch/sucrose nonfermentable chromatin remodeling complex, have been reported in multiple human cancers. Intestinal deletion of Arid1a has been reported to induce colorectal cancer in mice; however, its functional role in intestinal homeostasis remains unclear. We investigated the functional role of Arid1a in intestinal homeostasis in mice. We found that intestinal deletion of Arid1a results in loss of intestinal stem cells (ISCs), decreased Paneth and goblet cells, disorganized crypt-villous structures, and increased apoptosis in adult mice. Spheroids did not develop from intestinal epithelial cells deficient for Arid1a. Lineage-tracing experiments revealed that Arid1a deletion in Lgr5 + ISCs leads to impaired self-renewal of Lgr5 + ISCs but does not perturb intestinal homeostasis. The Wnt signaling pathway, including Wnt agonists, receptors, and target genes, was strikingly down-regulated in Arid1a-deficient intestines. We found that Arid1a directly binds to the Sox9 promoter to support its expression. Remarkably, overexpression of Sox9 in intestinal epithelial cells abrogated the above phenotypes, although Sox9 overexpression in intestinal epithelial cells did not restore the expression levels of Wnt agonist and receptor genes. Furthermore, Sox9 overexpression permitted development of spheroids from Arid1a-deficient intestinal epithelial cells. In addition, deletion of Arid1a concomitant with Sox9 overexpression in Lgr5 + ISCs restores self-renewal in Arid1a-deleted Lgr5 + ISCs. These results indicate that Arid1a is indispensable for the maintenance of ISCs and intestinal homeostasis in mice. Mechanistically, this is mainly mediated by Sox9. Our data provide insights into the molecular mechanisms underlying maintenance of ISCs and intestinal homeostasis.
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Arid1a | intestinal stem cell | homeostasis R egulation of highly organized chromatin structure is essential for genomic stability, normal cellular growth, development, and differentiation (1) (2) (3) . Epigenetic regulation is indispensable for establishing different degrees of chromatin compaction and conveying specialized gene-expression patterns that define the molecular basis of pluripotency reprograming, development, and homeostasis. Chromatin remodelers that disrupt DNA-protein contacts regulate gene expression (4) . The Switch/sucrose nonfermentable (SWI/SNF) complex is one of the most extensively studied chromatin remodelers. The SWI/SNF complex contains a core ATPase (Brg1 or Brm) and noncatalytic subunits with various DNA-binding and protein-binding domains that influence targeting and activity of the complex. We recently reported that Brg1 plays an essential role in development and homeostasis of the duodenum through regulation of Notch signaling (5) . On the other hand, loss of Arid1a, which directly interacts with DNA through a DNA-binding domain, disrupts SWI/SNF targeting and nucleosome remodeling, resulting in aberrant gene regula-tion (6, 7) . In addition, a recent study showed that deletion of Arid1a in the intestines induces colon cancer in mice (8) . However, the functional role of Arid1a in intestinal homeostasis and its underlying molecular mechanisms remain unknown.
Recently, studies with transgenic and knockout mice have elucidated the molecular mechanisms underlying the development of intestines as well as epithelial homeostasis and regeneration in adult intestines. Through these studies, several signaling pathways, including the Wnt, bone morphogenic protein, phosphatidylinositol-3 kinase, and Notch cascades, have been revealed to play critical roles in regulating cell proliferation and controlling stem cell self-renewal and differentiation in normal intestinal tissues. Notably, the Wnt pathway is crucial in a number of processes involved in intestinal development and homeostasis, including maintenance of stem cell identity, cell proliferation, secretory lineage differentiation, and epithelial segregation along the crypt-villus axis (9) (10) (11) (12) (13) . Wnt3, which is produced specifically by Paneth cells (14, 15) , is required for a stem cell niche in intestinal crypts (14) and for intestinal Significance The Switch/sucrose nonfermentable (SWI/SNF) chromatin remodeling complex plays critical roles for development and homeostasis of various organs. Intestinal deletion of Arid1a, a subunit of the SWI/SNF complex, has been reported to induce colorectal cancer in mice; however, its functional role in intestinal homeostasis remains unclear. This study reveals that intestinal deletion of Arid1a results in depletion of intestinal stem cells and disorganized crypt-villous structures concomitant with dramatically decreased expression of Sox9 in mice. Furthermore, our data reveal that Arid1a is indispensable for survival for intestinal stem cells and intestinal homeostasis through regulation of Sox9 expression in mice. These findings demonstrate an essential role of Arid1a to maintain tissue stem cells and homeostasis. spheroid cultures (16) . In addition, a Wnt/Tcf4 target gene, Sox9, which is expressed in intestinal crypts (17, 18) , is required for the differentiation of Paneth cells in intestinal epithelium (14, 19, 20) .
Here, we show that Arid1a is indispensable for the maintenance of intestinal stem cells (ISCs), a critical niche for ISCs including Paneth cells, and the intestinal crypt-villous structure in mice. Furthermore, our data show that these roles of Arid1a are mainly mediated by Sox9.
Results
Intestinal Deletion of Arid1a Results in Growth Impairment, Low Survival Rate, and Abnormal Intestinal Structures After 3 wk of Age. To examine the expression pattern of Arid1a in murine intestinal epithelium, we first performed immunohistochemistry (IHC) for Arid1a in wild-type mice. Arid1a was expressed in all intestinal epithelial cells from postnatal to adult stages ( Fig. 1A) .
To investigate the possible role of Arid1a in intestinal development and homeostasis, we crossed transgenic mice carrying a loxP-flanked allele of Arid1a with Villin-Cre mice (21) to generate Villin-Cre;Arid1a f/f mice. There was no difference between Villin-Cre;Arid1a f/f mice and control Arid1a f/f littermates in terms of survival rate, body weight, and intestinal architecture until 3 wk of age ( Fig. 1 B-D). However, after 3 wk of age, low survival rate and weight loss were observed in Villin-Cre;Arid1a f/f mice compared with the control Arid1a f/f mice ( Fig. 1 B and C) . Histological analysis revealed gross morphological changes in Villin-Cre;Arid1a f/f mice, including shortened villi and swollen crypts in the small intestine but not in the large intestine ( Fig. 1 E-I and SI Appendix, Fig. S1A ). Furthermore, these abnormal intestinal architectures were more pronounced after 5 wk of age in Villin-Cre;Arid1a f/f mice (Fig. 1F ). To investigate when the morphological changes had occurred, we performed histological analysis at postnatal day (P) 10 and P17. Intestinal structures of Villin-Cre;Arid1a f/f mice were indistinguishable from control Arid1a f/f mice at P10 and P17 (SI Appendix, Fig. S1B ).
In accordance with Cre activity, almost all intestinal epithelial cells had lost Arid1a expression in Villin-Cre;Arid1a f/f mice, as determined by IHC analysis (SI Appendix, Fig. S2A ). In addition, quantitative RT-PCR (q-PCR) analysis demonstrated that Arid1a expression was significantly decreased in Villin-Cre; Arid1a f/f intestines compared with that in control Arid1a f/f intestines (SI Appendix, Fig. S2B ). These results indicate that intestinal deletion of Arid1a results in low survival rate, growth impairment, and abnormal intestinal structure after 3 wk of age in mice.
Given that Arid1b, one of the subunits of the SWI/SNF complex with a DNA binding domain, has been shown to preserve residual SWI/SNF activity in ARID1A-deficient cancer cell lines (8, 22) , we investigated the expression pattern of Arid1b in the proximal and distal small intestine and in the large intestine of Villin-Cre;Arid1a f/f and control Arid1a f/f mice. Arid1b was only faintly expressed in the proximal small intestine of Villin-Cre; Arid1a f/f and control Arid1a f/f mice, whereas it was expressed in the distal small intestine and the large intestine of Villin-Cre; Arid1a f/f and control Arid1a f/f mice, as determined by IHC analysis (SI Appendix, Fig. S3A ). In addition, q-PCR analysis revealed that Arid1b expression was significantly higher in the distal small intestine and the large intestine compared with that in the proximal small intestine of Villin-Cre;Arid1a f/f and control Arid1a f/f mice, respectively (SI Appendix, Fig. S3B ). These results suggest the possible compensatory role of Arid1b in the distal small intestine and the large intestine in Villin-Cre;Arid1a f/f mice.
Intestinal tumors were not observed in Villin-Cre;Arid1a f/f mice upon analysis at 65 wk of age (SI Appendix, Fig. S1C ).
Intestinal Deletion of Arid1a Results in Skewed Differentiation in the Small Intestine. To investigate the effect of Arid1a deletion on the differentiation of small intestinal epithelia, we performed IHC analysis. Paneth cells that produce lysozyme and matrix metalloproteinase (Mmp)-7 were strikingly reduced in number in Villin-Cre;Arid1a f/f mice at 8-10 wk of age ( Fig. 2 A and B) . In addition, q-PCR analysis showed that the expression levels of Paneth cell markers-including Mmp7 (23), Lyz1, and Defa6 (14)-were significantly decreased in Villin-Cre;Arid1a f/f intestines compared with control Arid1a f/f mouse intestines ( Fig. 2C ). Alcian blue staining revealed that the number of goblet cells was also markedly decreased in Villin-Cre;Arid1a f/f mice ( Fig. 2 A and D). However, the numbers of tuft cells and enteroendocrine cells in Villin-Cre;Arid1a f/f mice were comparable to those in control Arid1a f/f mice, as determined by quantification and immunostaining for Dclk1 (24) and chromogranin A, respectively (SI Appendix, Fig. S2 C-E). These results indicate that intestinal deletion of Arid1a results in reduced number of Paneth and goblet cells in the small intestine.
Intestinal Deletion of Arid1a Results in Increased Apoptosis in the Epithelial Cells of Small Intestines. To evaluate the cellular proliferation and apoptosis in the intestinal epithelial cells of Villin-Cre;Arid1a f/f mice, we performed immunostaining and quantification of K i 67 and cleaved caspase 3. The number of K i 67 + cells in the disorganized crypts of Villin-Cre;Arid1a f/f mouse intestines was comparable to that of control Arid1a f/f mouse intestines at 8-10 wk of age ( Fig. 2 A and E). In contrast, apoptotic cells were dramatically increased in the intestinal epithelial cells of Villin-Cre;Arid1a f/f mice. In control Arid1a f/f mice, few apoptotic cells were observed in the villi, but barely observed within crypts ( Fig.  2 A and F). In contrast, Villin-Cre;Arid1a f/f mice demonstrated a number of apoptotic cells in crypts, as in the case of villi ( Fig. 2 A and F). There were no significant differences in proliferation and apoptosis in the large intestine between Villin-Cre;Arid1a f/f and control mice (SI Appendix, Fig. S1 A, D, and E). These results demonstrate that intestinal loss of Arid1a results in increased apoptotic cells in both villi and crypts in adult mice.
To investigate the types of cells that showed apoptosis, we also performed a TUNEL assay. Apoptotic Lgr5 + ISCs were detected by costaining for GFP and TUNEL in Lgr5-GFP;Villin-Cre;Ari-d1a f/f mice (SI Appendix, Fig. S4A ), whereas there were no apoptotic Lgr5 + ISCs in control mice. Because apoptotic cells were also increased in the villi of Villin-Cre;Arid1a f/f mice ( Fig. 2A) , we performed costaining for TUNEL or cleaved caspase 3 with various differentiated cell markers. Dual immunofluorescence staining demonstrated apoptosis in the enterocytes of Villin-Cre; Arid1a f/f mice, whereas apoptosis was not observed in other types of differentiated cells (SI Appendix, Fig. S4B ). Collectively, these results indicate that apoptosis occurs in both Lgr5 + ISCs in the crypts and enterocytes in the villi of Villin-Cre;Arid1a f/f mice.
To investigate whether electron microscopic changes occurred in enterocytes, including microvilli formation in Villin-Cre; Arid1a f/f mice, we next performed electronic microscopic analysis. We observed no differences in enterocytes in terms of microvilli formation, organelles, and nuclei between Villin-Cre; Arid1a f/f and control mice (SI Appendix, Fig. S2F ). Arid1a Is Essential for the Maintenance of ISCs in Mice. To investigate the effect of Arid1a deletion in Lgr5 + ISCs, we next crossed transgenic mice carrying a loxP-flanked allele of Arid1a with Lgr5 CreERT2/+ mice (25) to generate Lgr5 CreERT2/+ ;Arid1a f/f mice. Mice were intraperitoneally injected daily with 80 mg/kg of tamoxifen for 4 d. Three days after the last injection, IHC analysis revealed mosaic clusters of Arid1a-deficient cells in both crypts and villi of Lgr5 CreERT2/+ ;Arid1a f/f intestines (SI Appendix, Fig. S5A ). However, 21 d after the last tamoxifen injection, the vast majority of intestinal epithelial cells including crypts were composed of Arid1a + cells in mutant mice (SI Appendix, Fig.  S5A ), and the intestinal architecture was normal. We also examined whether Arid1a deletion perturbs intestinal homeostasis at 1 and 2 wk after tamoxifen administration. We found that at 1 and 2 wk after tamoxifen injection, the intestinal architecture was normal (SI Appendix, Fig. S5B ) and apoptotic cells were not increased in Lgr5 CreERT2/+ ;Arid1a f/f mice (SI Appendix, Fig. S5B ).
In addition, immunostaining for GFP showed that Lgr5 + ISCs were comparable between Lgr5 CreERT2/+ -GFP;Arid1a f/f and control mice at these time points (SI Appendix, Fig. S5B ). These results indicate that Arid1a deletion in Lgr5 + ISCs does not perturb homeostasis in the small intestine.
To further confirm the role of Arid1a in Lgr5 + ISCs, we next performed lineage tracing using Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ;Ari-d1a f/f mice by crossing Lgr5 CreERT2/+ ;Arid1a f/f mice with Rosa26-lacZ mice (26) . Three days after daily administration of 80 mg/kg tamoxifen for 4 d, lacZ-labeled blue cells appeared as blue stripes from crypts to villi of Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ;Arid1a f/f mice, that were indistinguishable from control Lgr5 CreERT2/+ ; Rosa26 lacZ/+ ;Arid1 +/+ mice (Fig. 3A) . Three days after the last tamoxifen injection, IHC analysis showed that Arid1a expression was almost lost in the lacZ-labeled blue cells in Lgr5 CreERT2/+ ; Rosa26 lacZ/+ ;Arid1a f/f mice, confirming the efficient recombination of the floxed Arid1a flox allele ( Fig. 3B ); in control Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ;Arid1 +/+ mice, lacZ-labeled blue cells represented Arid1a + expression ( Fig. 3B ). Twenty-one days after the last tamoxifen injection, lacZ-labeled blue cells coinciding with Arid1a expression were observed in control Lgr5 CreERT2/+ ; Rosa26 lacZ/+ ;Arid1 +/+ mice, which was similar to the observations on day 3 ( Fig. 3 A and B) . Notably, lacZ-labeled blue cells disappeared, and the intestinal epithelial cells including crypts were instead repopulated by lacZ − Arid1a + cells in Lgr5 CreERT2/+ ; Rosa26 lacZ/+ ;Arid1a f/f mice ( Fig. 3 A and B) . These results suggest that Arid1a is required for self-renewal and maintenance of ISCs in adult mice.
To further validate these results, we generated Lgr5-GFP; Villin-Cre;Arid1a f/f mice, which enabled us to evaluate Lgr5 + ISCs by immunostaining for GFP. Lgr5 + ISCs were observed at the base of crypts in control mice (Fig. 3C) . In contrast, Lgr5 + ISCs were significantly reduced in the crypts of Lgr5-GFP;Villin-Cre;Arid1a f/f mice ( Fig. 3 C and D) . In addition, IHC analysis for Musashi-1, a crypt base columnar cell marker, revealed that ISCs were significantly reduced in Villin-Cre;Arid1a f/f mice (Fig. 3E ). This finding was further supported by strikingly decreased expression of ISC markers, including Lgr5, Olfm4, Sox9, Ascl2, and Musashi-1, in Villin-Cre;Arid1a f/f intestines, as determined by q-PCR analysis (Fig. 3F ). In contrast, q-PCR analysis showed that the expression level of ISC markers, including Lgr5 and Ascl2, was comparable in the large intestine between Villin-Cre;Arid1a f/f and Arid1a f/f mice (SI Appendix, Fig. S1F ). Taken together, these data indicate that Arid1a is indispensable for the maintenance and self-renewal of Lgr5 + ISCs in the small intestine in mice.
Arid1a Regulates Wnt Signaling Pathway and Sox9 in the Intestine.
To investigate the mechanism underlying the abnormalities, including depletion of Lgr5 + ISCs, shortened villi, and swollen crypts, and increased apoptosis in Villin-Cre;Arid1a f/f intestines, we performed genome-wide analysis of gene expression in mutant mice. Microarray analysis of mRNA obtained from Arid1a f/f and Villin-Cre;Arid1a f/f intestines demonstrated that Wnt signaling pathways, including Wnt3, Wnt6, Fzd1, Fzd2, Fzd4, Fzd9, and Sox9, which are essential in maintaining intestinal homeostasis (9, 27) , were down-regulated in Arid1a-deficient intestines relative to Arid1a-preserved controls (Fig. 4A ). As expected, microarray analysis revealed that the expression levels of Paneth cell and ISC markers-including Mmp7, Lyz1, Olfm4, Ascl2, Lgr5, and Sox9-were down-regulated and apoptosis-related genes-including Hmox1, Hif1a, and Bcl2-were up-regulated in Arid1a-deficient intestines relative to Arid1a-preserved controls ( Fig. 4A ). Furthermore, gene set enrichment analysis (GSEA) on RNA sequence data identified 895 biological processes that were significantly enriched in Arid1a-deficient intestines relative to Arid1a-preserved controls [false-discovery rate (FDR) set at 0.25]. These processes included a suppressed Wnt signaling pathway and up-regulated apoptosis pathway in Arid1adeficient intestines relative to Arid1a-preserved controls (Fig.  4B ). In addition, q-PCR analysis validated that the expression levels of Wnt target genes-including Ascl2, Sox9, Axin2, Tcf4, and Hes1-were markedly down-regulated in crypts of Arid1adeficient mice (Figs. 3F and 4C).
Next, we investigated the expression levels of Wnt agonist and receptor genes that regulate diverse processes of intestinal homeostasis (10) (11) (12) . Notably, q-PCR analysis revealed that the expression levels of Wnt agonist and receptor genes-including Wnt3, Wnt6, Fzd4, Fzd5, Lrp5, and Lrp6-were also significantly down-regulated in crypts of Arid1a-deficient mice (Fig. 4D ). In addition, the expression level of a Notch ligand, Dll4, which is expressed in Paneth cells (14, 28) and is required for intestinal homeostasis (27, 29) , was down-regulated in crypts of Arid1adeficient mice (Fig. 4E) . Various Wnt genes are expressed in diverse cell types of the epithelium and stroma of the murine intestine (15) . Recent studies showed that ISCs are supported by Wnts provided from the epithelial or stromal niche cells (16, 30, 31) . Interestingly, q-PCR analysis demonstrated that the expression levels of Wnt agonist genes-including Wnt2b, Wnt4, Wnt5a, and Wnt6-were strikingly down-regulated in Arid1adeficient intestines (Fig. 4F ). Consistent with these observations, IHC analysis showed that Sox9 and Hes1 were only faintly expressed in Villin-Cre;Arid1a f/f mouse intestines, whereas they were expressed in the crypts of control Arid1a f/f mouse intestines ( Fig. 4G and SI Appendix, Fig. S2C ). These results indicate that the Wnt signaling pathway was strikingly down-regulated in Arid1a-deficient intestines. Sox9 is required for differentiation of Paneth cells, which provide an epithelial niche for ISCs (14, 19, 20) . Given that the expression of Sox9 mRNA and Sox9 protein was markedly downregulated in crypts of Arid1a-deficient mice, we sought to determine whether Arid1a directly binds to the Sox9 promoter to regulate its expression in the murine intestine. We performed chromatin immunoprecipitation (ChIP) in intestinal spheroid cells that were generated from crypt cells of wild-type mice and discovered that Arid1a binding was enriched at the most proximal and distal site of the Sox9 promoter (denoted sites 1 and 3) ( Fig. 4 H and J) . In addition, Arid1a binding tended to be enriched at the second-most proximal site (site 2) and enhancer regions in intestinal spheroid cells, although they did not reach a significant difference ( Fig. 4 H-J) . As negative control, we used IgG antibody, which had minimal binding to chromatin at all of the promoter regions tested. In contrast, we found that Arid1a binding was not enriched at the Sox9 promoter or enhancer regions in isolated villous cells ( Fig. 4 H and I) . Therefore, we concluded that Arid1a binds to the Sox9 promoter and enhancer regions specifically in the crypt cells in which Sox9 is expressed in the murine intestine.
ChIP-Seq analysis revealed that the top 100 main gene targets for Arid1a in the intestine with minimum P values identified by peak calling analysis included many genes that were related to various biological processes or intestinal phenotype (SI Appendix, Fig. S6A ). Furthermore, we also performed Gene Ontology (GO) analysis of all gene targets identified by peak calling analysis. GO analysis implicated that Arid1a directly binds to the regulator genes, which were involved in apoptosis, cell cycle, intestinal epithelial cell differentiation, and the Wnt signaling pathway (SI Appendix, Fig. S6B ). The gene targets for Arid1a in the intestine that regulate the Wnt signaling pathway included Lrp6, Notum, and Axin2 (SI Appendix, Table S1 ). In addition, Motif analysis revealed that the top three Arid1a DNA-binding motifs overlap with regulatory motifs recognized by Nr5a2, which regulates differentiation of the pancreas, Foxd3, which is expressed in neural crest precursor cells, and Arid3a, which is a mesenchymal stem cell marker (SI Appendix, Fig. S6C ). This result indicates that Arid1a binds directly to the promoter and enhancer sites of various genes to support their expression. Sequencing coverage histograms showed that coverage that aligned to Sox9 was similar to coverage that aligned to Dgkd. This was one of the Arid1a binding sites, as identified by peak calling analysis with minimum fold-enrichment, although a peak was not identified in the Sox9 site (SI Appendix, Fig. S6D ).
Taken together, these data indicate that Arid1a regulates the Wnt signaling pathway and Sox9 in the murine intestine, and raise the possibility that the role of Arid1a in the maintenance of intestinal homeostasis is mediated by its regulation of the Wnt signaling pathway and Sox9. (19, 20) . Given that these phenotypes observed in intestinal Sox9-deleted mice resembled the phenotypes of Arid1a-deficient mice, we hypothesized that Sox9 overexpression could rescue the phenotypes of Arid1a-deficient mice. To test this hypothesis, we crossed SOX9OE mice (32), in which human Sox9 is constitutively overexpressed under the control of Cre recombinase, with Villin-Cre;Arid1a f/f mice to generate Villin-Cre;Arid1a f/f ;SOX9OE mice (SI Appendix, Fig.  S7A ). The loss of body weight observed in Villin-Cre;Arid1a f/f mice was partially rescued in Villin-Cre;Arid1a f/f ;SOX9OE mice (Fig. 5A) , whereas the body weight of Villin-Cre;Arid1a f/+ ; SOX9OE mice was comparable to that of control Arid1a f/f mice (Fig. 5A) . Arid1a was depleted and human Sox9 was expressed in the intestinal epithelial cells of Villin-Cre;Arid1a f/f ;SOX9OE mice, whereas Arid1a and human Sox9 were expressed in the intestinal epithelial cells of Villin-Cre;Arid1a f/+ ;SOX9OE mice, as confirmed by immunostaining and q-PCR analysis ( Fig. 5B and SI Appendix, Figs. S7 B-D and S8A ). In addition, IHC analysis for GFP confirmed that ectopic Sox9 was entirely expressed in both the villous and crypt epithelial cells in Villin-Cre;Arid1a f/f ; SOX9OE and Villin-Cre;Arid1a f/+ ;SOX9OE mice ( Fig. 5B and SI Appendix, Fig. S8A ). Notably, histological analysis revealed that the morphological abnormalities, including shortened villi and swollen crypts observed in Villin-Cre;Arid1a f/f mouse intestines, were restored in Villin-Cre;Arid1a f/f ;SOX9OE intestines (Fig.  5B) . The length of villi in Villin-Cre;Arid1a f/f ;SOX9OE mice was comparable to that of control Arid1a f/f mice (Fig. 5C ). Remarkably, the depth and width of crypts in Villin-Cre;Arid1a f/f ; SOX9OE mouse intestines were restored compared with those of Villin-Cre;Arid1a f/f mouse intestines ( Fig. 5 D and E) , and were comparable to those of control Arid1a f/f mouse intestines ( Fig. 5 D and E). We found that the intestinal architecture of Villin-Cre; Arid1a f/+ ;SOX9OE mice was comparable to that of control Ari-d1a f/f mice (SI Appendix, Fig. S8A ). These results indicate that Sox9 overexpression rescued the growth failure and disorganized architecture of the intestine in Arid1a-deficient mice.
We next investigated whether the increased apoptosis was abrogated in Villin-Cre;Arid1a f/f ;SOX9OE mouse intestines. Immunostaining and quantitation of cleaved caspase 3 revealed that the number of apoptotic cells in Villin-Cre;Arid1a f/f ;SOX9OE mouse intestines was significantly less than that in Villin-Cre; Arid1a f/f mouse intestines, and was comparable to that in control Arid1a f/f mouse intestines ( Fig. 5 B and F) . Furthermore, the apoptotic cells in crypts that were observed in Villin-Cre;Arid1a f/f mice were rarely observed in Villin-Cre;Arid1a f/f ;SOX9OE mice and were indistinguishable from control Arid1a f/f mice ( Fig. 5 B  and F) , whereas the number of apoptotic cells in Villin-Cre; Arid1a f/+ ;SOX9OE mice was indistinguishable from that in control Arid1a f/f mice (SI Appendix, Fig. S8A ). These data indicate that Sox9 overexpression offsets increased apoptosis in intestinal Arid1a-deficient mice.
Sox9 Overexpression Reverses Skewed Intestinal Differentiation and
Restores Paneth Cells in Intestinal Arid1a-Deficient Mice. We next examined whether the abnormal cellular differentiation observed in Arid1a-deficient mice would be reversed in Villin-Cre;Arid1a f/f ; SOX9OE mice. Immunostaining and quantification for lysozyme and Mmp7 in Villin-Cre;Arid1a f/f ;SOX9OE mice revealed that Paneth cells, which were significantly decreased in Villin-Cre; Arid1a f/f mice, were comparable to those in control Arid1a f/f mice ( Fig. 5 B and G) . The number of goblet cells, one of the secretory cell types, was also restored in Villin-Cre;Arid1a f/f ; SOX9OE mice ( Fig. 5 B and H) . The numbers of tuft and enteroendocrine cells in Villin-Cre;Arid1a f/f ;SOX9OE mice were comparable to those in control Arid1a f/f mice, as determined by immunostaining for Dclk1 and chromogranin A, respectively (SI Appendix, Fig. S7E ). We confirmed that cellular differentiation of Villin-Cre;Arid1a f/+ ;SOX9OE mice was comparable to that of control Arid1a f/f mice (SI Appendix, Fig. S8A ). Consistently, q-PCR analysis showed that the expression levels of Paneth cell markers-including Mmp7, Lyz1, and Defa6-were markedly increased in Villin-Cre;Arid1a f/f ;SOX9OE mouse intestines compared with Villin-Cre;Arid1a f/f mouse intestines, whereas they were dramatically decreased in Villin-Cre;Arid1a f/f mouse intestines compared with control Arid1a f/f mouse intestines (Fig. 5I) . Notably, the expression levels of Wnt3 and Dll4, which are produced from Paneth cells and act as essential niche factors in intestinal spheroid cultures (16) , were markedly increased in Villin-Cre;Arid1a f/f ;SOX9OE mouse intestines compared with Villin-Cre;Arid1a f/f mouse intestines (Fig. 5I) . These results indicate that Sox9 overexpression reverses skewed intestinal differentiation and restores Paneth cells in Arid1a-deficient mouse intestines.
Sox9 Overexpression Permits Spheroid Development from Arid1a-Deficient Intestines. Given that the development of intestinal spheroids in 3D culture requires ISCs (14, 28) , we first tested whether spheroids could be generated from crypts in Villin-Cre; Arid1a f/f mice. We tried to isolate intestinal crypts from Villin-Cre;Arid1a f/f mice and culture them in vitro; however, spheroids were rarely generated from crypts of Villin-Cre;Arid1a mice ( Fig.  6 A and B) , further supporting the conclusion that Arid1a is essential for ISCs. To investigate whether the disruption of stem cell maintenance was rescued by Sox9 overexpression in Arid1adeleted intestines, we tried to generate spheroids from crypts in Villin-Cre;Arid1a f/f ;SOX9OE mice. Notably, spheroids were generated from crypts in Villin-Cre;Arid1a f/f ;SOX9OE mice, which were comparable to those from crypts in control Arid1a f/f mice (Fig. 6A) . Moreover, the number of spheroids from Villin-Cre; Arid1a f/f ;SOX9OE mice was dramatically increased compared with that from Villin-Cre;Arid1a f/f mice and was comparable to that from control Arid1a f/f mice (Fig. 6B) , whereas the growth ratio of spheroids from Villin-Cre;Arid1a f/f ;SOX9OE mice was still relatively less than that from control Arid1a f/f mice (Fig. 6C) . Arid1a deletion and Sox9 overexpression were confirmed by q-PCR analysis of mRNA derived from spheroids from Villin-Cre; Arid1a f/f ;SOX9OE mice compared with those from control Arid1a f/f mice (SI Appendix, Fig. S7 F and G) . These results suggest that ISCs were restored in Villin-Cre;Arid1a f/f ;SOX9OE mice.
Sox9 Overexpression in Intestinal Epithelial Cells or ISCs Restores
Self-Renewal of Arid1a-Deficient ISCs. To further confirm that Sox9 overexpression restores ISC maintenance in Arid1a-deficient ISCs, we performed lineage tracing using Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ; Arid1a f/f ;SOX9OE mice. Three days after daily administration of 80 mg/kg of tamoxifen for 4 d, lacZ-labeled blue cells appeared as blue stripes from crypts to villi of Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ; Arid1a f/f ;SOX9OE mice, which were indistinguishable from those in Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ;Arid +/+ and Lgr5 CreERT2/+ ; Rosa26 lacZ/+ ;Arid1a f/f mice (SI Appendix, Fig. S7H ). Three days after the last tamoxifen injection, IHC analysis revealed loss of Arid1a expression and Sox9 overexpression in the lacZ-labeled blue cells of Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ;Arid1a f/f ; SOX9OE mice, confirming the efficient recombination of the floxed Arid1a flox and SOX9OE allele (SI Appendix, Fig. S7H ). Remarkably, 21 d after the last tamoxifen injection, lacZ-labeled blue cells were still observed in Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ;Arid1a f/f ;SOX9OE mice, which were indistinguishable from Lgr5 CreERT2/+ ;Rosa26 lacZ/+ ; Arid1a +/+ mice (Figs. 3A and 7A) . Again, loss of Arid1a expression was confirmed in almost all lacZ-labeled blue cells in Lgr5 CreERT2/+ ; Rosa26 lacZ/+ ;Arid1a f/f ;SOX9OE mice (Fig. 7A) . Quantification revealed that the number of LacZ-labeled crypts was significantly decreased in Lgr5 CreERT2/+ ;Rosa lacZ/+ ;Arid1a f/f intestines on day 21 (Fig. 7B) . Notably, the number of LacZ-labeled crypts in Lgr5 CreERT2/+ ;Rosa lacZ/+ ;Arid1a f/f ;SOX9OE was comparable to that of control Lgr5 CreERT2/+ ;Rosa lacZ/+ ;Arid1a +/+ intestines on day 21 (Fig. 7B) . These results indicate that Sox9 overexpression in Lgr5 + ISCs restored the self-renewal of Arid1a-deficient Lgr5 + ISCs. We next performed IHC and q-PCR analysis of ISC markers in crypts of Villin-Cre;Arid1a f/f ;SOX9OE mice. Because GFP represented expression of ectopic Sox9 in Villin-Cre;Arid1a f/f ; SOX9OE mice, we performed IHC analysis for Musashi-1 and Hes1, which are complete blood count cell markers. Immunostaining for Musashi-1 and Hes1 revealed that the position and number of ISCs were comparable between Villin-Cre;Arid1a f/f ; SOX9OE and control Arid1a f/f mice ( Fig. 7C and SI Appendix, Fig. S7E ). In addition, the expression levels of ISC markersincluding Lgr5, Olfm4, Ascl2, and Musashi-1-were partially restored in the crypts of Villin-Cre;Arid1a f/f ;SOX9OE mice compared with control Arid1a f/f mice (Fig. 7D) . These results indicate that overexpression of Sox9 rescues ISC maintenance in intestinal Arid1a-deficient mice.
Interestingly, although Sox9 is a Wnt/Tcf4 target gene, q-PCR analysis demonstrated that the expression levels of other Wnt target genes, including Tcf4 and Hes1, were also up-regulated in Villin-Cre;Arid1a f/f ;SOX9OE mouse intestinal crypts compared with those in Villin-Cre;Arid1a f/f mice (Fig. 7E) . In contrast, the expression levels of Wnt agonist and receptor genes-including Wnt6, Fzd4, Fzd5, Lrp5, and Lrp6 except for Wnt3-were not restored in crypts of Villin-Cre;Arid1a f/f ;SOX9OE mice compared with those in Villin-Cre;Arid1a f/f mice (Fig. 7F) . Furthermore, the expression levels of Wnt agonist genes-including Wnt2b, Wnt4, Wnt5a, and Wnt6-were also not restored in Villin-Cre;Arid1a f/f ; SOX9OE intestines compared with those in Villin-Cre;Arid1a f/f intestines (Fig. 7G ). We confirmed that the expression levels of stem cell markers, Paneth cell markers, and Wnt receptor genes in Villin-Cre;Arid1a f/+ ;SOX9OE mouse intestines were compa-rable to those in control Arid1a f/f mouse intestines (SI Appendix, Fig. S8 B-D) . These results suggest that Arid1a regulates the expression of Wnt agonist and receptor genes independently of Sox9.
Discussion
Intestinal deletion of Arid1a has been recently reported to spontaneously induce colorectal cancer in mice (8) ; however, its functional role in intestinal homeostasis remains unclear. In this study, we focused on the specific role of Arid1a in the maintenance of ISCs and intestinal homeostasis in mice. We found that intestinal epithelial deletion of Arid1a results in loss of ISCs, increased apoptosis, decreased Paneth and goblet cells, and disorganized crypt-villous structures concomitant with downregulation of Wnt signaling and Sox9. Remarkably, we showed that Arid1a directly binds to the Sox9 promoter to regulate its expression and that Sox9 overexpression in intestinal epithelial cells abrogated the above phenotypes. Moreover, spheroids did not develop from intestinal epithelial cells deficient in Arid1a, whereas spheroids developed from Arid1a-deficient intestinal epithelial cells concomitant with Sox9 overexpression. These results indicate that Arid1a is indispensable for the maintenance of ISCs and intestinal homeostasis in mice, which is mainly mediated by Sox9 (SI Appendix, Fig. S9A ).
It is well established that Wnt signaling plays a crucial role in controlling intestinal development and homeostasis (9) (10) (11) (12) . Indeed, mutation of Tcf4 leads to depletion of intestinal proliferative compartments in fetal mice, resulting in early death within 24 h after birth (33) . In addition, Wnt signaling controls the differentiation of secretory cell lineages in the murine intestine, because overexpression of the Wnt pathway inhibitor, Dickkopf1, blocks the differentiation of secretory cell lineages and leads to shortened villi (34, 35) . Wnt signaling also plays an essential role in the maintenance of ISCs (36) . Furthermore, intestinal deletion of Sox9 results in depletion of ISCs concomitant with the loss of Paneth cells and crypt enlargement in mice (14, 19, 20) . These previous reports are consistent with our finding that intestinal deletion of Arid1a results in loss of ISCs, decreased Paneth and goblet cells, and disorganized crypt-villous structures, concomitant with down-regulation of Wnt signaling and Sox9, which were represented by decreased mRNA expression of Wnt agonists, receptors, and target genes. Similarly, a recent study showed that high-mobility groupA1 chromatin remodeling proteins (Hmga1) up-regulate genes encoding both Wnt agonist receptors and Sox9 to maintain an ISC niche by expanding the Paneth cell compartment (37) . Thus, Arid1a joins a list of genes that play crucial roles in the maintenance of ISCs and a niche for ISCs by regulating Wnt signaling and Sox9.
We previously showed that intestinal deletion of Brg1, an ATPase subunit of the SWI/SNF complex, leads to depletion of ISCs in association with down-regulation of Wnt signaling in the neonatal small intestine (5) . This observation in Brg1-deficient mice is consistent with our findings that ISCs were depleted concomitant with down-regulation of Wnt signaling in Arid1adeleted intestines in this study. In the previous study, β-catenin stabilization did not restore the expression of Wnt signal target genes, and thereby did not rescue ISCs in Brg1-deleted intestines. This appears reasonable because Brg1 directly regulates Tcf2 expression (38, 39) . In contrast, it should be noted that Sox9 overexpression in intestinal epithelial cells restores the maintenance of ISCs and intestinal homeostasis in intestinal Arid1adeleted mice in this study. Interestingly, our data show that Sox9 overexpression in intestinal epithelial cells did not restore the expression levels of Wnt agonist genes-including Wnt2b, Wnt4, Wnt5a, and Wnt6-and receptor genes-including Fzd4, Fzd5, Lrp5, and Lrp6-in mice. These results suggest that Arid1a regulates the expression of Sox9 as well as Wnt agonist and receptor genes. It would be interesting to investigate how Arid1a regulates Wnt signaling pathway genes in more detail. Regarding proliferation, the ratio of the number of K i 67 + proliferating cells to crypt cells was comparable between Villin-Cre;Arid1a f/f and control mice in this study. A previous report showed that the number of proliferating cells in crypts was increased in Sox9-deleted intestines, because proliferating cells occupied the entire crypts, including the crypt bottoms where Paneth cells reside in control mice (19) . In contrast, overexpression of the Wnt pathway inhibitor, Dickkopf1, results in decreased proliferation (34) . Thus, the number of proliferating cells in Villin-Cre;Arid1a f/f mice was affected by at least two opposing factors: (i) down-regulation of Sox9, which results in increased proliferation, and (ii) down-regulation of Wnt agonist and receptors, which results in decreased proliferation.
In this study, we showed that overexpression of Sox9 in Arid1adeficient mice rescued the phenotype of increased apoptosis, demonstrating that Sox9 mediates apoptosis in Arid1a-deficient intestines. Consistently, a previous report showed that intestinal deletion of Sox9 results in depletion of ISCs (14) . Although they did not show whether apoptosis occurs in ISCs of intestinal Sox9deleted mice, it is possible that apoptosis occurs in ISCs, as was observed in intestinal Arid1a-deficient mice. Moreover, it was previously reported that Sox9 knockout results in increased apoptosis in other tissues, including the pancreas and chondrocytes, suggesting an inhibitory role of Sox9 in apoptosis (40, 41) . Given that Sox9 regulates apoptosis in villi in Arid1a-deficient mice, it is concievable that increased apoptosis due to Sox9 downregulation contributes to shortened villi in Arid1a-deficient mice at least to some extent.
In this study, the expression levels of ISC markers-including Lgr5, Olfm4, and Ascl2-were partially restored in Villin-Cre; Arid1a f/f ;SOX9OE intestines, but the restoration was not complete. This result suggests that Arid1a deletion has a Sox9independent effect on intestinal stem cells, which is most likely due to down-regulation of Wnt agonist and receptors in Arid1adeficient intestines. Moreover, the expression levels of Wnt target genes, including Axin2, Tcf4, and Hes1 were not completely restored in Villin-Cre;Arid1a f/f ;SOX9OE intestines, which is also likely due to the same reason. Furthermore, considering that overexpression of Sox9 in colon carcinoma cell lines results in down-regulation of Wnt target genes in vitro through a negative feedback (20) , it is possible that overexpression of Sox9 results in down-regulation of Wnt target genes by negative feedback in Villin-Cre;Arid1a f/f ;SOX9OE mice. In addition, ChIP-Seq results indicate that Arid1a directly binds to Lrp6, Notum, and Axin2 that regulate Wnt signaling pathway. Notum deacylates Wnt proteins and regulates Wnt signaling pathway (42) . These data were consistent with our results that some of the Wnt targets (i.e., Axin2, and the Wnt ligands/receptors) were not restored in Villin-Cre;Arid1a f/f ;SOX9OE intestines.
In this study of lineage-tracing experiments using Lgr5 CreERT2/+ mice, we found that Arid1a-deletion in Lgr5 + ISCs leads to impaired self-renewal of Lgr5 + ISCs, but does not perturb intestinal homeostasis (SI Appendix, Fig. S9B ). It is possible that adjacent transit-amplifying cells or reserve stem cells compensate for the loss of Lgr5 + ISCs (43, 44) , although further studies are required to corroborate this speculation. It also remains to be clarified whether Arid1a is required for this compensation by neighboring cells.
Interestingly, we showed that deletion of Arid1a concomitant with Sox9 overexpression in Lgr5 + ISCs restores self-renewal in Arid1a-deleted Lgr5 + ISCs (SI Appendix, Fig. S9B ). These results suggest that Arid1a is indispensable for self-renewal of Lgr5 + ISCs, which is mediated by its regulation of Sox9. However, it still remains unclear whether Sox9 overexpression in ISCs and Paneth cells precisely restores self-renewal of Arid1a-deficient Lgr5 + ISCs. We speculate that Arid1a and Sox9 expression in both ISCs and Paneth cells is critical for ISC maintenance. It would be interesting, as a future study, to test this hypothesis using a new transgenic mouse in which CreERT expresses exclusively in Paneth cells.
A previous study showed that intestinal deletion of Arid1a leads to spontaneous colorectal cancer development in mice (8) . However, in that previous report, Villin-CreER T2 ;Arid1a f/f ;Apc Min mice had significantly fewer intestinal tumors compared with Apc Min mice, and Arid1a expression was retained in the few tumors that did arise in Villin-CreER T2 ;Arid1a f/f ;Apc Min mice (8) . These data suggest that Arid1a loss drives colon cancer via a mechanism independent of Wnt signaling and that Arid1a is required for Wnt-driven intestinal tumourigenesis (8) . This is consistent with our finding that Arid1a is required for activation of Wnt signaling pathway in murine intestines to maintain ISCs and intestinal homeostasis. Given that Brg1 has been shown to have stage-and context-dependent functions in pancreatic tumorigenesis (45) , it is reasonable that Arid1a also has contextdependent roles in intestinal tumorigenesis. It would be interesting to investigate how Arid1a plays context-dependent roles in intestinal tumorigenesis in more detail as a future study.
In conclusion, we demonstrated that Arid1a, a component of the SWI/SNF chromatin remodeling complex, is indispensable for the maintenance of ISCs and intestinal homeostasis in mice. These essential roles of Arid1a are mainly mediated by its regulation of Sox9. These findings enhance our understanding of intestinal stem cell biology and provide insights into the molecular mechanisms underlying intestinal homeostasis maintenance.
Materials and Methods
Experimental animals were generated by crossing Villin-Cre mice (JAX Laboratory #004586), Lgr5-EGFP-IRES-CreERT2 mice (JAX Laboratory #008875), Rosa26-lacZ mice (JAX Laboratory #003309), Arid1a flox mice (46) , and SOX9OE mice (32) . Mice were crossed in a mixed background. For induction of Cre-mediated recombination, 80 mg/kg of 20 mg/mL tamoxifen (Sigma-Aldrich) in corn oil, once a day over 4 consecutive days, was injected intraperitoneally. For experiments using normal intestinal tissue, 8-to 10-wkold mice were used. All experiments were approved by the animal research committee of Kyoto University and performed in accordance with Japanese government regulations. The complete DNA microarray data were deposited in the Gene Expression Omnibus (GEO) at NCBI (www.ncbi.nlm.nih.gov/geo/) with series accession no. GSE110181 (47) . The complete ChIP-Seq data were deposited in the Gene Expression Omnibus (GEO) at NCBI (www.ncbi.nlm.nih. gov/geo/) with series accession no. GSE121658 (48) .
More detailed descriptions of the methods are available in the SI Appendix, Materials and Methods.
